ABSTRACT AND INTRODUCTION
It is a pleasure to be able to report substantial progress since the Los Alamos Workshop two years ago. A radio-frequency model of a grating accelerator has been tested at Cornell, and extensive calculations compared with observations. Alternative structures consisting of either hemispherical bumps on a plane, or conducting spheres in space, have also been rf modeled. In order to couple to external fields, some perturbation is needed to the symmetry.
In the grating case, alternate lines can be made slightly higher.
In the case of two rows of droplets, alternate droplet6 can be displaced out of the plane (Fig.  2 ). In this case the angular distribution of radiation that would be emitted, and thus the distribution of incoming radiation that would be pe?fectly absorbed, -is-shown in Fig. 3 . Damage caused by the radiation or the beam, provided it does not spoil the structure during its few picosecond6 of use, need not be considered.
THE PRODUCTION OF DROPLET ARRAYS
It is therefore interesting, a6 an aside, -to give a conceptual design of a section of a droplet structure. Figure 4a shows a vacuum container with entrance windows, presumably of salt, both above and below the beam. On either sideof the beam are the liquid jet assemblies mounted on micro-manipulators.
Pumps are provided to remove vapor given off from the.heated droplets. Figure 4b show6 a jet assembly with filter and piezoelectric pump. On the right and in Fig. 4c is the jet array itself.
The techniques proposed, and being developed at BNL, are extensions of those used in both some ink jet printers and masks. A silicon chip is doped on one side and then anisotropically etched to form the long channel with a thin (circa 2 micron) remaining wall.
Through this wall the actual holes are ion etched. We do not yet know how accurately droplet6 of the required size (3 microns) can be placed, gut it is worth noting that an array used in an ink jet printer was able to make 13-micron jets with an angular accuracy of 1 milliradian.
If such angular accuracy could be maintained, droplet6 could be placed to one tenth of a micron, which would probably be sufficient.
LOADING AND EFFICIENCY
The maximum number of particles that can be accelerated in any structure is set by longitudinal and transverse wakes.
As the structure gets smaller the wake fields get stronger, but at the same time the stored energy in themfiel 8 6 decreases. For longitudinal wake6 it has been shown by Wilson that for a given wake field effect the same fraction of the stored energy can be extracted, independent of wavelength. where N is the number of particles per bunch B is the focusing parameter z is the distance along the accelerator w is the wake potential e is the electric charge 7--e V -i--the beam energr in electron Volts. Since w scale6 a6 w = we/a , one might expect the effect to be much worse for small X, but as we said the situation is more complicated.
Without Landau damping A grows without limit as z increases, but with a finite momentum spread between head and tail the driving frequency gets out of phase with the tail's transverse betatron OScillation and the amplitude reaches a maximum value given by substituting
For N we can substitute that value that would extract a given fraction r~ of the stored rf energy, N= ' Ea 4 kl e where E, is the accelerating gradient kl is the loss factor for the cavity = ko/X2 kg is a dimensionless constant of the cavity geometry. For the B we will assume RFQ focusing as discussed below in Section 7. Then where 80 is a scale invariant constant of the cavity and focusing geometries.
The focus is stronger for a shorter wavelength beCaUSe the poles are closer to the axis. Substituting, we obtain w 2 A = + T-l (5 Bo) & 0 which is independent of X and, incidentally, also of E, and V. Thus we find that both longitudinal and transverse wake considerations set a scale independent limit on the fraction TI of rf energy that can be extracted.
In practice this limit is about 5%. Ifonly one bunch is accelerated this sets a bound on the accelerator efficiency.
With many bunches removing energy in equilibrium with incoming power, however, we know that far higher efficiencies can be achieved; even a6 high a6 80%. The relevance of these remarks arises because a collider probably requires pulses of the order of 1 mm in length, and it is cer-tainly simpler if they are single. If a conventional wavelength IS used this pulse can only consist of a single rf bunch; in the 10 micron case, however the pulse will contain 100 micro--bunches, each with only a small charge, and in these circumstances much higher efficiency (say 50% instead of 5%) may be expected. This may then offset the lower power source efficiency of a laser compared with a klystron or lasertron (5-10X vs 40-80X).
5.
BEAMSTRAFfLUNG SCALING v--e _ Himel and Siegrist" have studied the scaling of the quantum mechanical correction6 to beamstrahlung. Using the approximation that the spectrum remains as in the classical calculation up to E =: E, and then is cut off one obtains 4 This is a very small number and though well suited to a laser accelerator will not match the large stored energy in cavities usin larger wavelengths.
ACCELERATING FIELD LIMITS
At the last laser acceleration workshop limits were shown for electrical breakdown and surface heating (Pig. 5).
In this case the surface heating was calculated for pulse length6 equal to the filling time of a copper cavity, and the assumption was made (correctly in this case) that for such relatively long pulses the temperature is limited by thermal conduction away from the surface. But it is not necessary to use such long pulses if adequate power source6 are available.
For instance a wake field accelerator uses only a single half wave.
In such cases the temperature is found to be limited by the specific heat of the materials and depends only on this and the number of cycles.
Krol16 has calculated the maximum electric fields over a plane mirror for which the temperatures do not exceed 25" below the melting point of variou8matPtials. The results are plotted on Fig. 6 , and the limits for a half cycle on tungsten also indicated on Fig. 5.
One sees that for tungsten this field is 28.5 GeV/m; an astonishingly high value. For currently available laser pulses of 100 cycles, the limit is 1.8 GeV/m. The shortest pulses that may be possible, using isotopic gas mixtures, were given as about 10 cycles, which would give field6 of 5.6 GeV/m. Note that the accelerating field in a real structure will be less than these numbers by at .least 2, nevertheless the conclusion is that very high gradients may be po66ible with a grating accelerator without destroying the surfaces. A check on the above alculation is provided by an experimental observation by Corkum lf that a gold mirror was not visibly da aged by a 3 picosecond pulse with the order of .5 terawatts per cm= corresponding to fields of about fi GeV/m. This field is even -bigier than the tungsten calculation (1.8) and may indicate that melting for these very short times does not damage; it may be the boiling point that is relevant. It must also be pointed out that the measurement was very preliminary.
It had been hoped by this reporter that efficient acceleration would occur with these structures even when the fields were such as to form a surface plasma and subsequently destroy the surface altogether.
Another observation of Corkum's is discoursing to this hope. At least at a field level of 100 terawatts/cm2, corresponding to 60 GeV/m, he found that only 30% of the incoming light was reflected by a plane mirror. Ken Lee also presented a theoretical calculation that also predicted relatively large losses when a surface plasma is present.
Such high absorption implies that the resonant structures we have been discussing would not work. There may of course be an intermediate field region above the melting point limit but below the field needed to produce a plasma, which would destroy the structure but still be suitable for a resonant structure.
It should also be noted that acceleration can, in principle, still be obtained in non-resonant structures even when the losses are high.
More experiments are required. The conclusion at this point is that while the very high field6 that produce plasmas will not be suitable for resonant StmtUreS, y et the field6 that do not produce plasmas, and do not even visibly damage the surfaces, are very high (providing well above 1 GeV/m acceleration).
For a high energy physics accelerator it may well not be necessary to go above such limits.
For focusing I however, higher field6 may be desirable, but then an efficient resonant structure is not important.
FOCUSING STRUCTURES
Several people at the workshop started independently thinking of the use of these laser mechanisms a6 focusing elements. Already at the Frascati Conference the importance of focusing was emerging. The bean, and thus the wall plug, power needed to Nn a high luminosity, high energy collider can be very high, even-proh;lbitively high.. This--power can be lowered if the beam6 can be brought to a finer focus at the collision point.
In order to do this one need6 higher gradient focusing elements. We have been diSCUSSing structures that might, given short enough laser pulses or allowing plasma production, achieve average acceleration of the order of 5 GeV/m. Many of these structures would also provide quadrupole focusing average fields of the same order of magnitude at the "pole tips" only a few micron6 from the axes. The deflecting magnetic field corresponding to 5 GeV/m is 15 Tesh or 150 kG. This is a very high field, and when combined with the small aperture would provide quadrupole gradients equivalent to 5 million Tesla/meter. This is about 3 order6 of magnitude higher than about the smallest conventional quadrupole magnet one can think of.
The beta that can be produced at a focus goes a6 the inverse root of the gradient.
The beam power goes linearly as the beta.
So these high field structures offer the possibility of reducing the beam power by more than one order of magnitude.
We now reviev some possible focusing structures: a) Simple grating If the phase of the particles with respect to the fields is .set for zero acceleration, then the particles see a deflection field combined with a quadrupole focusing field.
In the last workshop it was proposed that the deflecting fieldScould be corrected by a fixed magnet but at this workshop, Pickup ha6 shown that if the grating azimuthal positions with respect to the beam ar,e rotated, then strong focusing is obtained without excessive undulation of the beam (Fig. 7a) .
b) Double row of droplet6 ( Fig.  7b ) As in the grating case the field along the axis for off phase particles is a quadrupole, only this time there is no dipole to cause deflection.
In this case there is of course also aCCeleration for the other phase. c) Four rows of droplet6 (Fig.  7c ) The accelerating mode discussed in Section 2 ( Fig. lf) contains no quadrupole fields, but another mode that can be excited in the same structure (Fig. 7c ) does have such fields. This mode does noJ have acceleration.
If a mixture of acceleration and focusing is required, one would alterate the mode6 between the two. d) Super bumps (Fig. 7d) The simple bump structures of Fig. lg will, as in the grating case, have a combination of focusing and deflection. The super bump case (Fig. lh) Tesla per meter, and with a phase 10' from maximum acceleration, then at 5 TeV the beta in the structure would be only .36 m. This is very small compared with that (100 m) in the SLC.
A very simple conceptual design of a finaLfocus uas worked -out by J.-Claus (Fig. 8) .
In this example the square root of the product6 of the initial beta and the beta at the intersection were 6.5 and 21 cm in the horizontal and vertical directions.
It is reasonable to suppose that a more complicated design, Symmetrical in the two directions, would have a value for this product of about 15 cm. This in turn implies that a final beta of 1 mm would involve maximum beta6 of the order of 22.5 m. If the invariant emittance < 1r6, then the maximum beam size would be < 1.5 urn. which would fit in the structure.
We conclude therefore that this super high gradient RFQ focusing could give final betas of the order of 1 mm: at least 10 times smaller than by conventional means.
Pickup and Femow checked that the synchrotron radiation with these high gradient6
was not a problem. 9 3 dE/dL = 1.5 10' l&Y L4
6-2 nf3
With an invariant emittance of 10e6 the loss per meter in the accelerator (e.36 m) at 5 TeV is only .04 MeV/m. At the final focus just described the total loss wouldbe only 200 MeV. 8 .
A POSSIBLE EXPERIMENTAL FACILITY
There was discussion within the group of the desirability and design of a facility where proof of principle experiments could be carried out.
It was agreed that there was much work that could and should be done without a real test beam but that the difficulties and long time needed to design and build such a facility justified going ahead now with such a proposal.
The facility should provide a test beam with of about lo4 particles focused to a spot of the order of one micron diameter, with a beta of at least 1 cm, a momentum spread of less than 1 MeV, and a pulse length of less than 2 mm. Such a specification demand6 a very high brightness beam. In principle this could be provided at any cooling electron storage ring of the order of 1 GeV, but in practice it seem6 likely that the SLAC source and cooling ring may I well be the only such source that would be accessible for this work.
A possible location of the experiment would be at the one third point where an extraction port and tunnel do now exist. The second requirement for the experiment would be a laser capable of amplifying 3-6 picosecond pulses and delivering about 100 m.7. This specification is essentially that already demonstrated by the high pressure CO2 laser at NRC (Ottawa, Canada). Finally, and non-trivially, one requires a mechanism to 8y-V chronize the beam pulse with the laser.
Two scheme6 were studied at the workshop.
In the first (Fig.  9a , Pellegr_ini, Slater) the electron beam is used in a FEL to amplify a short section of a much longer pulse--from a low power atmospheric pressure laser. This short and synchronized section is then further amplified in a high pressure amplifier and finally brought down to accelerate particles.
In the second (Fig. 9b , Femow, Eimel, Corkum) the initial high intensity beam is passed through a gas Cerenkov and the light from this is focused onto a semiconductor "switch" used to cut a short section out of a larger Cop laser pulse. Both schemes seemed possible but require further study. Due to the delays involved in these processes the light will be used not to accelerate the same pulse of electrons, but a second pulse will be extracted from the same cooling ring. Some preliminary considerations were given to the design of both the collimator (Himel) and the spectrometer (Baggett). The collimator will require very small gaps and it was asked if scattering in the jaw6 of these gaps would give a 'fuzzy"
edge. An EGS calculation was quoted indicating that such "fuzziness" should be only a few micron6 and thus present no problem.
The spectrometer, it was suggested would observe both vertical deflection and energy change. A conceptual design with a two dimensional (possibly solid state) array readout was suggested.
With such a spectrometer different phases between beam and laser would generate a combination of deflections and acceleration such a.6 to form a hollow ellipse on the array (Fig. 10 ).
OTHER WORK TO BE DONE (Goldstone)
It is clear that the despite the great progress since the last workshop, much work remains to be done.
In Expected distribution in-spectrometer.
